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Structural heterogeneityManagement approaches taken in protected areas will affect their ability and effectiveness to conserve biodiversi-
ty. MalaMala (a concessionwithin Sabi SandWildtuin, a private game reserve), and an adjacent area in the Kruger
National Park (Kruger, statutory protected area) in South Africa provide a comparison of different types of conser-
vation management. We measured three-dimensional woody vegetation structure, as an integral component of
biodiversity, across 6200 ha in the two reserves using a LiDAR (Light-Detection-and-Ranging) sensor. We
compared how differentmanagement approaches in the two reserves affectedwoody structural diversity. Vertical
canopy diversity was measured using: i) percent cover of woody vegetation extracted from LiDAR canopy height
models, ii) a volumetric pixel (voxel) approach to extract 3D vertical canopy-height proﬁles; and iii) horizontal
diversity using landscape metrics. MalaMala had higher vegetation density than Kruger in the b3 m (2.5 times)
and N6 m (2.7 times) height classes. This vegetation was in the form of larger, more cohesive patches as a result
of the legacy of previous land-use (cattle ranching) and current management practices (bush clearing) and the
recent increase inmegaherbivores. Length of exposure to, and recent higher densities of, megaherbivores (partic-
ularly elephants) has altered the density of tall trees in the two reserves, thus affecting structural heterogeneity
and associated habitat options for small-bodied vertebrates. These differences in vegetation structure are exacer-
bated by currentmanagement practices (e.g. bush-clearing and ﬁre regime), with potential implications for faunal
biodiversity conservation across a wide range of scales.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
People have been living in African savannas for at least 250000 years,
shaping patterns and processes through resource utilization and land
management (Freitag-Ronaldson and Foxcroft, 2003; Scholes andWalk-
er, 1993). Human impact on landscapes is often only considered in areas
outside of reserves, but even in protected areas humans inﬂuence savan-
na dynamics by altering ﬁre frequencies, introducing and removing
animals and especially in smaller private reserves, bush clearing may
be practiced. In a perfect world we would be able to leave natural areas
ungoverned, but with only 12% of the earth's surface formally protected
(Chape et al., 2005), people need to manage these ecosystems to ensure
that all aspects of biodiversity are conserved.Many reserves aremanagedKruger, Kruger National Park;
la Private Game Reserve; SSW,
and Environmental Sciences,
50 Johannesburg, South Africa.
y Elsevier B.V. All rights reserved.to protect key species that are threatened with extinction (Mills et al.,
1993) but there is a shift towards protecting ecosystems as arenas for
biodiversity rather than the conventional species-centric approach, espe-
cially in the face of climate change (Coetzer et al., 2013; Beier & Brost,
2010).
With an understanding of the need for a greater contiguous area of
land under conservation, the fence between two neighboring reserves,
Kruger National Park (KNP, a statutory protected area) and Sabi Sands
Wildtuin (SSW, a private game reserve), was removed in 1993. The
two reserves (southern section of KNP and SSW) shared an essentially
similar land-use history until 1922 (Joubert, 2007; Mabunda et al.,
2003; http://www.malamala.com/history_of_malamala.htm). Prior to
this date, hunting for sport in the area, from 1836 to 1902, signiﬁcantly
reduced wildlife populations, which was further exacerbated in 1896
with the rinderpest epizootic which killed off cattle and wildlife, and
also resulted in a lifting of all hunting restrictions (Carruthers, 1995).
The decimation of wildlife eventually led to the beginning of proactive
conservation in the area and the Sabi Game Reserve was established
in 1898 (Carruthers, 1995; Mabunda et al., 2003), which was a mosaic
of government land, and company- and private-farms (Joubert, 2007).
147J.T. Fisher et al. / South African Journal of Botany 90 (2014) 146–152Modern day KNP was proclaimed as a statutory protected area in 1926
with the passing of the National Parks Act, while the area to thewestern
boundary became private game reserves. In 1922 the Transvaal Consoli-
dated Land and Exploration Company (TCL) purchased MalaMala, a pri-
vate farm within the Sabi Game Reserve and it was a shared area for
cattle and wildlife, although from 1922 to 1928 over 500 lions were
shot in defense of cattle. From 1927 to 1939 farms surrounding
MalaMalawere purchased by various individuals andoperated as private
game farms for game viewing and hunting (http://www.malamala.com/
history_of_malamala.htm). In 1934 MalaMala and surrounding farms
formed a conservancy now known as Sabi Sand Wildtuin (SSW), but
each farm/concession maintained separate management within SSW.
The present day MalaMala is still contained and unfenced within the
SSW boundary, however, it is no longer part of the conservancy. A later
outbreak of foot-and-mouth disease and continued hunting on the pri-
vate lands led to the construction of a boundary fence separating Kruger
and SSW in 1961 (http://www.sabisand.co.za/ssw-history.html), draw-
ing an ofﬁcial line between the two different management approaches
until the removal of the fence in 1993. The different management
approaches of each reserve (i.e. ﬁre regime, management of herbivores
and bush clearing) are likely to have had an impact on the woody struc-
tural diversity; however, this has not been quantiﬁed.
Plant ecologists traditionally have used ﬁeld-basedmethods tomea-
sure vegetation structure, e.g., sampling vegetation using transects or
plots. While these studies are effective at measuring a relatively large
number of trees, in the order of 102–105, they typically cover small
areas (b5 ha) (Higgins et al., 1999; Shackleton, 2000; Witkowski and
O'Connor, 1996). However, the inherent heterogeneity and patchiness
in savannas (Scholes and Archer, 1997) require alternative methods to
measure vegetation structure over larger extents and at various spatial
scales to ensure that heterogeneity at all scales is captured. Light Detec-
tion and Ranging (LiDAR), which is based on an accurate measurement
of the return trip distance of emitted laser pulses, is nowwidely used in
terrestrial environments to assess woody vegetation structure andmap
landscape topography (e.g., Lefsky et al., 2002). With small-footprint
(b1 m), discrete-return LiDAR (which collects point-based x, y, z data
of all terrestrial structures), we are able to measure large areas at ﬁne
resolutions, obtaining ﬁne scale results similar to ﬁeld studies (Lefsky
et al., 2002; Turner et al., 2003). LiDAR data are costly, but it is still
more cost-effective per unit area compared to ﬁeld studies when large
tracts of land need to be analyzed (Kirton et al., 2009). Such data can
be used to assess structural variation across landscapes (e.g. Wessels
et al., 2011; Fisher et al., 2012).
Wemeasuredwoody structural diversity in KNP and in the neighbor-
ing MalaMala private game reserve within SSW using small-footprint,
discrete-return LiDAR collected with the Carnegie Airborne Observatory
Alpha sensor package (CAO, Asner et al., 2007) to evaluate the woody
structural heterogeneity in these protected areas. The aim of our investi-
gation was to describe the differences in woody vegetation structure be-
tween the two reserves. Although we cannot ascribe the differences to
speciﬁc management interventions, either because the information isFig. 1. Location of study sites within the Kruger National Park and Sabnot available at a ﬁne scale (KNP) or is not accessible (MalaMala), we
provide possible reasons for the current woody vegetation structure.
We furthermore assess the usefulness of small-footprint, discrete-
return LiDAR to measure woody vegetation structure at the landscape
scale in semi-arid savannas.
2. Methods
2.1. Study area
The two study sites border one another on the boundary between
KNP and MalaMala in Mpumalanga Province, north-eastern South
Africa (Fig. 1), spanning a total of 6200 ha (2900 ha in KNP and
3300 ha inMalaMala). The sites have the same landtype and vegetation
types, and similar geologies, altitudinal range and mean annual precip-
itation and temperature, but different management objectives
(Table 1). Vegetation structure comprises tall shrubland with a few
trees and relatively dense low woodland. Dominant woody species in-
clude the trees Terminalia sericea, Combretum zeyheri, Combretum
apiculatum, Acacia nigrescens, and the shrubs Dichrostachys cinerea and
Grewia bicolor. Common grass species include Pogonarthria squarrosa,
Tricholaena monachne, Eragrostis rigidior, Panicum maximum, Aristida
congesta, Digitaria eriantha, and Urochloa mossambicensis (Mucina and
Rutherford, 2006).
2.2. Light Detection and Ranging (LiDAR) data
LiDAR data were used tomeasure woody vegetation structure in the
two study sites. The 3D point cloud provides a means to measure both
the height (top of canopy–size class distributions) and vertical
(arrangement of vegetation within the vertical proﬁle) structure of
woody vegetation. LiDAR data were collected in April 2008 using the
Carnegie Airborne Observatory (CAO) Alpha system for 6200 ha in the
Kruger National Park (2 900 ha) and MalaMala Private Game Reserve
in Sabi SandWildtuin (3 200 ha). The CAO combines both imaging spec-
troscopy (hyperspectral imaging) and LiDAR technologies to study eco-
systems at the regional scale (Asner et al., 2007). The CAOwas operated
in Alpha mode, which is intended for high-resolution mapping of up to
20000 ha/day at a 0.5–1.5 m spatial resolution. The spectrometer can
acquire imagery in up to 288 channels of 1.8 nm bandwidth in the
400–1050 nm wavelength range and has a swath of 1500 pixels. The
spectrometer is co-mounted with the LiDAR sensor which can acquire
both waveform and discrete-return data; however, only discrete-
return data were used for this study. The integrated GPS-IMU sub-
system in the CAO provides the position and orientation of the sensors
in 3D, while the CAO algorithms ensure that data inputs from both the
spectrometer and the LiDAR system are co-located and precisely
projected to ensure geographically aligned output (Asner et al., 2007).
The CAO Alpha LiDAR sub-system provides 3D vegetation structural in-
formation, as well as high resolution digital elevation models. For thisi Sand Wildtuin (MalaMala Private Game Reserve), South Africa.
Table 1
Similarities in abiotic attributes and differences in current management of the MalaMala Private Game Reserve and the Kruger National Park (KNP), South Africa.
MalaMala Private Game Reserve Kruger National Park
Geology Granite (potassic granite/gneiss, Makatswi gneiss, Nelspruit) Granite (potassic granite/gneiss)
Landtype (soils) Fersiallitic Fersiallitic
Altitude 315–439 m above sea level 381–439 m above sea level
Mean annual temperature 21 °C 21 °C
Mean (±SD) annual
precipitationa
620 (±39) mm 641 (±45) mm
Vegetation type Granite Lowvelda Granite Lowvelda
Fire regime Natural ﬁres are controlled 1954–1992: Triennial burns, block plots, in late winter
Annual burns 1994–2002: Laissez faire burn policy (only lightning induced ﬁres)
No holistic ﬁre policy exists for the Sabi SandWildtuin conservancy,
each concessionaire manages land separately.b
2002–present: Combination of point ignitions, lightning ﬁres and unplanned
ﬁres to burn an annual target area determined by rain and fuel load.c
Land management Land management of MalaMala by cattle ranchers in the early 1900s
led to bush encroachment (roads were developed in seep zones,
resulting in soil compaction inﬂuencing stream ﬂows, natural ﬁres
were extinguished, elephant were hunted for ivory).
The initial management was aimed at the recovery of ungulate populations
from the rinderpest pandemic at the end of the 19th century and from
previous excessive meat and ivory hunting.
Current management (since 1965) includes bush-clearing and
mowing to combat bush encroachment, each concessionaire
manages land to promote responsible and ethical tourism and
preserve biodiversity.b
Current management has clear research-driven management objectives,
culminating in a strategic adaptive management approach utilizing Thresholds
of Potential Concern (TPC) derived by scientists, managers and stakeholders.d
Area 3300 ha (study site) 2900 ha (study site)
13 500 ha (MalaMala) 2200000 ha (KNP)
65000 ha (Sabi Sand Wildtuin) 3200000 ha (Great Limpopo Transfrontier Park)
Elephant density 0.014 elephant/ha in SSW in 2008e 0.039 elephant/ha (approximate elephant densities near Nkuhlu herbivore
exclosure in 2008)f
Road density 4.12 km of roads/km2 0.24 km of roads/km2
Mowed area 441 ha (13.8%) 0 ha (0%)g
a Schulze and WRC (2008).
b Mucina and Rutherford (2006).
c http://www.malamala.com/conservation.htm.
d Van Wilgen et al. (2008).
e Biggs and Rogers (2003).
f M. Grover (Pers. Comm).
g Asner and Levick (2012).
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ground level with a laser pulse repetition frequency of 50 kHz, laser
spot spacing of 1.12 m, and four returns per pulse. Theﬁrst LiDAR return
typically indicates the top of canopy, or the sole return in the case of a
ground hit, while the last return is often associated with the ground,
unless dense vegetation hindered signal penetration to the ground
level. Algorithms, based on between-return vertical angles, are used in
pre-processing steps to classify ground versus non-ground returns.
LiDARdata are collected as a three-dimensional point cloud. A digital
surfacemodel (DSM) and a digital elevationmodel (DEM)were derived
through linear interpolation of the ﬁrst and ground returns, respective-
ly. A canopy height model (CHM) was subsequently constructed
(1.12 m resolution) by subtracting the DEM from the DSM to be used
for top-of-canopy vegetation structural analysis; this CHM represents
the highest value for each pixel and can be used to construct a size
class distribution of the woody vegetation. In addition, we used a volu-
metric pixel-based (voxel) approach, which decreases sensitivity to
local variations in leaf and branch characteristics (Asner et al., 2008;
Lefsky et al., 2002; Popsecu andZhao, 2008), in order to quantify vertical
vegetation structure. The 3D point cloud was divided into voxels of
5 × 5 × 1 m (length, width, height), with each voxel represented by
the frequency of LiDAR returns for that voxel relative to the number of
returns in the entire 5 × 5 m horizontal cell. Individual 1 m height
binned images (the horizontal image resolution is 5 × 5 m) were
stacked to createmultiband images. The frequency values of the stacked
voxels over each 5 × 5 m horizontal cell in themultiband image can be
represented in two-dimensions as a vertically distributed vegetation
density proﬁle, representing the frequency of LiDAR returns in one
meter height increments. Vertical proﬁles can be extracted for either a
single 5 × 5 mground cell or a group of 5 × 5 mground cells. In the lat-
ter case, the mean number of laser returns at each height for the given
area was represented, along with the standard deviation of the mean
number of returns. These values were converted to a percent value,thereby normalizing for the area sampled. The resulting vertical proﬁle
is an indication of the mean density of vegetation at a particular height
in one meter vertical increments; which can indicate bush encroach-
ment. Ground validation of tree height was conducted in April 2008
concurrent to the aerial data collection (Wessels et al., 2011).2.3. Vegetation structural analysis
Traditional ﬁeld-based sampling methods typically cover areas less
than 500 ha due to time and ﬁnancial constraints (see Helm and
Witkowski, 2012a); while this study measures all vegetation across
6200 ha. Moreover, the nature of the sampling method ensures that
the entire population is captured. Riparian corridors, water bodies,
and roads were digitized using the hyperspectral data and 2009 aerial
photographs (closest in date to LiDAR data collection, scale 1:20000)
andmasked out from the LiDAR-derived rasters prior to data extraction.
Furthermore, areas that had been mowed or bush-cleared were digi-
tized to measure the extent of this type of management intervention.
Wemeasured vertical vegetation structure from both the canopy height
model (percent woody canopy cover) and using the voxel method
(vertical vegetation density). We extracted vegetation height values
and converted them to percent cover of woody vegetation at one
meter increments for KNP (2900 ha) and MalaMala (3300 ha), captur-
ing both height and canopy cover variability. The voxel-based LiDAR
approach was used to extract the three dimensional (3D) vertical vege-
tation density proﬁles for the two sites. Our sample sizes for each site
was the number of voxels (nKruger = 1160022 voxels, nMalaMala =
1318506 voxels). We compared the two vertical proﬁles using descrip-
tive statistics, e.g., kurtosis and variance, as well as Simpson's Index of
Dominance (Wiegand et al., 2000). Simpson's Index of Dominance
values represented for each site are relative to one another, with ‘1’
indicative of higher diversity and ‘0’ zero diversity.
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patch cohesion and largest patch index, using Fragstats 3.3 (McGarigal
and Marks, 1995) in order to assess the horizontal heterogeneity of
woody vegetation in the two landscapes. Themulti-band ‘structural’ im-
ages containing height bins of 1 m increments were reclassiﬁed into
three layers: 1–3 m, 3–6 m, and 6–15 m. These were heights at which
the majority of changes were observed in the vertical height proﬁles.
The selected height categories are also ecologically meaningful and re-
late to ﬁre and herbivory: vegetation b3 m are affected by ﬁre
(Govender et al., 2006) and frost (Whitecross et al., 2012) and heavily
browsed by small- to medium-size herbivores (Birkett and Stevens-
Wood, 2005; Scholes and Walker, 1993; Witkowski, 1983), vegetation
in the 3–6 m height class are targeted by megaherbivores (elephant
(Loxodonta africana) and giraffe (Giraffa camelopardalis) (Owen-Smith,
1988; Asner and Levick, 2012; Levick and Asner, 2013), while the ﬁnal
height class is less inﬂuenced by ﬁre and herbivory. The landscape
metrics were calculated for woody vegetation within each height
layer. Patch density is a measure of how many patches are present in
the landscape. A higher patch density in the higher height classes im-
plies increased ‘bushiness’ in the context of this study. Patch cohesion0
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Fig. 2.Measures of woody vegetation structure for 2900 ha in Kruger National Park (KNP) and
etation, histograms represent area-normalized woody percentage cover (frequency/ha) in one
mean three-dimensional vertical distribution of vegetation density (percent canopy cover) (er
as follows: 1–2 m includes vegetation from 1 to 1.9 m, 2–3 m includes vegetation from 2 to 2.is indicative of how aggregated the patches are within the landscape
and values range between 0 and 100, with 100 representing greater ag-
gregation or clumping (McGarigal and Marks, 1995). Finally, largest
patch index was included as a measure of how the woody vegetation
patch sizes differ between the two sites.3. Results
3.1. Vertical vegetation structure
MalaMala exhibited signiﬁcantly greater woody cover (22.4%) than
Kruger (19.6%) (χ21 = 3.2 × 106; p b 0.0001), a relative difference of
14.3%. Both height class distributions are inverse J-shaped, typically
considered indicative of a reproductive population structure (Mori
et al., 1989); but given that this is a large amalgamation of species, it
also indicates a high proportion of plants with small heights such as
shrubs. A much greater difference however is that MalaMala had 2
times greater percent cover ofwoody vegetation above 5 m thanKruger
(5.8% versus 2.7%, Fig. 2a).8-9 9-10 10-11 11-12 12-13 13-14 14-15
lass (m)
MalaMala
KNP
15 20 25
s indicating canopy cover (%)
MalaMala
KNP
3300 ha inMalaMala Private Game Reserve, South Africa. (a) Percent cover of woody veg-
meter increments, derived from the LiDAR canopy height model and (b) area-weighted
ror bars denote one standard deviation). Vegetation height classes should be interpreted
9 m, etc.
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with higher vegetation density in the 4–6 m vertical proﬁle, but lower
density below (2.5 times less than MalaMala) and above (2.7 times
less thanMalaMala) this height range (Fig. 2b). This resulted in a proﬁle
with higher kurtosis, variance, and diversity (7.98, 1.49, and 1 respec-
tively) than MalaMala (4.96, 1.16, and 0.77 respectively).3.2. Horizontal vegetation structure
The Kruger site had many small patches (canopies) in the 1–3 m
height class that occur close to one another (Fig. 3). This height class,
on the other hand, was denser in MalaMala, with a similar number of
patches and cohesion compared to Kruger (Fig. 3a and b), although
these patches were four times larger in MalaMala compared to Kruger
(Fig. 3c). These patterns were repeated in the 3–6 m height class,
where we observed fewer but larger canopies occurring in close prox-
imity to one another in MalaMala (Fig. 3). Similarly, the 3–6 m height
class for both sites contained the largest, most cohesive (and thus
fewer) patches compared to all other height classes. The greatest0.28
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Fig. 3.Horizontal vegetation structuremeasured for the 1–3 m, 3–6 m, and 6–15 mheight bins
South Africa, using landscape metrics (a) patch density, (b) patch cohesion, and (c) largest
vegetation from 1 to 2.9 m, 3–6 includes vegetation from 3 to 5.9 and 6–15 m is an inclusive cdifference in horizontal canopy distribution between the sites occurred
in the 6–15 m height class. Kruger had very few tall trees (1.8 times
lower patch density than MalaMala, Fig. 3a) and these occurred far
apart from one another (low cohesion, 1.3 times lower, Fig. 3b), in com-
parison toMalaMala, where there was a greater number of tall tree can-
opies that are more cohesive within the landscape.4. Discussion
The most marked differences in vertical vegetation structure be-
tween the two reserves are below 3 m (Fig. 2b and c) and above 6 m
(Figs. 2 and 3). Previous grazing by cattle renders land more prone to
bush encroachment (Papanastasis, 2009; Tobler et al., 2010). Although
we expect the two reserves to have similar vegetation density b3 m
as both were previously used for cattle grazing, we see a higher vegeta-
tion density in this height category in MalaMala (with greater patch
density and larger patches, Fig. 3). Differences could be attributed to
both historic land-use and management, and current bush clearing
techniques. The rinderpest epizootic in 1896 decimated wildlife and0.23
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ategory.
151J.T. Fisher et al. / South African Journal of Botany 90 (2014) 146–152cattle populations in the area resulting in bush encroachment especially
in areaswhere cattle grazing took place (Prins and Van der Jeugd, 1993;
Van Langevelde et al., 2003). After cattle were then re-introduced into
the region, MalaMala had a 12 year longer period of cattle farming
than Kruger. MalaMala claims that this longer period of cattle farming
and the construction of roads along seeplines is the cause for the higher
density of woody vegetation b3 m (http://www.malamala.com/
conservation.htm). The currentMalaMalamanagement claims to rectify
the bush encroachment problem by practicing bush clearing, mowing,
and burning annually along seeplines (http://www.malamala.com/
conservation.htm). However, the persistence of higher vegetation den-
sity below 3 m indicates that management interventions, such as bush
clearing at a local scale, may have been largely unsuccessful at the land-
scape scale because of woody encroachment occurring in non-cleared
areas. Annual burns and bush clearing will inevitably maintain vegeta-
tion in a ﬁre and ‘herbivore’ trap (bush clearing has similar effects on
vegetation as browsing), leading to coppicing (Govender et al., 2006;
Neke et al., 2006; Witkowski and O'Connor, 1996; Owen-Smith, 1988)
and a subsequent persistence of dense bush. Bush-encroached land is
unfavorable to grazing herbivores in particular, with low predator visi-
bility increasing stress levels in ungulate populations (Ripple and
Beschta, 2004), as well as reduced grazing quality (Treydte et al.,
2009). However, at low densities the shrub layer is important in main-
taining structural heterogeneity within the vertical domain both pro-
viding habitat for fauna (Ishii et al., 2004) and maintaining ecological
processes such as ﬁre and competition with the grass layer (Scholes
and Archer, 1997).
Kruger andMalaMala show a large difference in tall tree abundances
(2.7% versus 5.8%; Fig. 2). The most probable explanation for this differ-
ence is each area's length of exposure to megaherbivores, and the rela-
tive differences in elephant densities over the preceding 25 years.
During the separation of the two reserves the maximum density of ele-
phant in SSWwas 0.0011 elephant/ha, although in 1993when the fence
was removed the density had dropped to 0.0009 elephant/ha (Hiscocks,
1999). In contrast, the elephant density in KNPduring the same time pe-
riod ranged between 0.0031 and 0.004 elephant/ha (Whyte et al.,
2003). The removal of the fence between the two reserves resulted in
an inﬂux of elephant into SSW, increasing from 0.0009 elephant/ha in
1993 to 0.007 elephant/ha in 1998 (Hiscocks, 1999). Lower densities
of megaherbivores would allow for greater recruitment and persistence
of tall trees (Birkett and Stevens-Wood, 2005; Helm et al., 2009;
Hiscocks, 1999; Levick et al., 2009; Owen-Smith, 1988). For example,
Helm et al. (2009) found that elephants predominantly utilizedmarulas
(Sclerocarya birrea), a dominant, long-lived tall tree species in the South
African Lowveld, in the 5–8 m height class. Local extinctions of marulas
have already occurred in northern Kruger. As elephant densities in Kru-
ger increase from year to year (local densities close to the study site
were 0.039 elephant/ha in 2008), marula populations are declining at
an unprecedented rate: from 2001 to 2010, N25% of adult marulas
were lost in some parts of southern Kruger (Helm and Witkowski,
2012b). Elephants have also been shown to be responsible for treefall
in savannas at an average rate of 2.6 trees ha−1 year−1 (Levick and
Asner, 2013), six times higher than in areas inaccessible to elephant
(Asner and Levick, 2012). Within the two reserves, ﬁre and bush clear-
ing (or lack thereof in Kruger) have the most notable effect on woody
vegetation cover b3 m, while the 2.5 times difference in tall vegetation
(N5 m) is attributed to the tenure length of megaherbivores. Even
though the length of exposure to the same densities of megaherbivores
in the two reserves has not been that different (densities were much
lower inMalaMala for 34 years while the perimeter fence was present),
the possible effect on large tree densities is noteworthy. The low abun-
dances of tall trees and thus upper canopy patch cohesion could result in
a reduction of faunal diversity, as well as reduced connectivity at the
landscape level (Manning et al., 2006).
Semi-arid savannas are complex, heterogeneous systemsmaking it a
challenge to measure biodiversity and establish the causes affecting it.While ﬁeld studies and passive remote sensing techniques are useful
for detecting differences in woody vegetation structure as a function
of management regimes (Fensham et al., 2005; Franklin et al., 2008;
Higgins et al., 1999; Shackleton, 2000; Witkowski and O'Connor,
1996), they often lack vital 3D information over large areas. Field
methods are effective at assessing differences in height class distribu-
tions, but results may be subject to observer and site selection biases,
leading to a poor representation of the large-scale patterns and process-
es in heterogeneous environments. Alternatively, passive remote
sensing (typically using multi-spectral sensors) is useful to monitor
large-scale vegetation variation, especially woody cover; but inferences
on the impacts of management practices on functional biodiversity are
limited without any vertical information. However, with small-
footprint, discrete-return LiDAR we found signiﬁcant differences in
vegetation structural heterogeneity between Kruger and MalaMala
(Fig. 2) at the broad landscape level relevant to conservation planning
and management. Temporal changes can be easily detected using a 3D
woody structural classiﬁcation (Fisher et al., 2013) to quantify the effect
of increasing elephant densities on the structural heterogeneity.4.1. Conclusions
The reasons for differences in woody vegetation structure between
the two reserves can be inferred from the large scalemanagement inter-
ventions that are known, even though the speciﬁc management inter-
ventions in each study site are not available. Not all protected areas are
equal in their ability to conserve biodiversity, with differences in vegeta-
tion structure likely to increase under current management practices
(bush clearing) and increases in elephant densities since the cessation
of culling (Whyte et al., 2003). From a broad conservation perspective,
conversion of land-use from agriculture, particularly free-range grazing
of livestock, to conservation can be successful; although the success of
conversion may depend on management practices such as ﬁre regime,
stocking density of megaherbivores and techniques to combat bush-
encroachment which alter ﬁne scale vertical heterogeneity. Particularly
in southern African savannas, the impact of megaherbivores needs to
be included in management objectives. The consequences of elephant
behavior on vegetation structure over a short-period of time can have a
signiﬁcant impact on woody structural diversity (Asner and Levick,
2012; Levick and Asner, 2013) and thus the effectiveness of protected
areas in semi-arid southern African savannas. We have provided a
large-scale measurement of woody structural diversity, an integral com-
ponent of savanna biodiversity, in two reserves. Small-footprint,
discrete-return LiDAR is a more cost-effective, objective assessment
tool of structural heterogeneity than ﬁeld methods across the broad ex-
tents relevant for reserve managers.Acknowledgments
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